Objective: Leptin secretion in rats is regulated acutely by nutritional state. Insulin plays an important role in this acute nutritional regulation both directly and indirectly through effects on glucose metabolism. The aim of this study was to investigate if the fasting-induced suppression of leptin secretion was reversed by incubation under conditions mimicking nutritional repletion. Design: Leptin secretion and glucose metabolism were measured following incubation with glucose and insulin in adipocytes isolated from fed and fasted rats. Results: Leptin secretion was stimulated by incubation with glucose and insulin in adipocytes isolated from fed but not from fasted rats as was glucose flux through oxidative and lipogenic pathways. Ob expression and intracellular leptin content were decreased in adipocytes isolated from fasted rats throughout the whole incubation period. Suppression of glucose metabolism with cytochalasin B was accompanied by suppression of leptin secretion. The amount of leptin secretion correlated with the glucose incorporated into lipid under insulin-stimulated conditions. Conclusions: It is proposed that glucose incorporation into lipid, at least during insulin-stimulated conditions, reflects the metabolic status of the adipocyte and may be a more important regulator of leptin production and secretion than circulating glucose or insulin levels.
Introduction
Leptin levels are regulated acutely and directly by nutritional state and insulin plays an important role in this regulation. Over a range of physiological conditions from fasting (low) to hyperinsulinaemia, serum insulin correlated with leptin levels. [1] [2] [3] [4] [5] Insulin may regulate leptin secretion by a number of potential mechanisms either directly or by intermediates of insulin signalling pathways acting on leptin gene (ob) transcription. [6] [7] [8] It may also increase leptin production directly, either via a global increase in translation rate 6 or a specific increase in the rate of translation of ob mRNA. 9, 10 Regulation of leptin secretion by insulin may also be indirect, exerted through changes in glucose metabolism. Insulin-stimulated glucose uptake, which lead to increased glucose flux through either the hexosamine biosynthetic pathway 11 or through aerobic glucose metabolism, 12, 13 increased serum leptin in rats or leptin secretion from isolated adipocytes. However, the direct relationship between acute leptin secretion and the aerobic glucose pathways of oxidation and lipogenesis have not been examined. We have shown previously that an intravenous glucose bolus stimulated serum leptin responses in fed but not fasted rats. Serum leptin responses in fasted rats correlated with a suppressed serum insulin response to the glucose challenges in fasted rats and in the fed rats the leptin response was also governed by the serum insulin. 1 The aim of the current study was to determine if incubation with high insulin and glucose concentrations could reverse the suppression of leptin secretion in adipocytes isolated from fasted rats. As glucose uptake into adipocytes has also been associated with leptin secretion, 12 we examined the role of insulin-regulated glucose metabolism as a mechanism for the observed nutritional regulation of leptin expression, production and secretion.
Materials and methods

Animals
Male Wistar rats (7 weeks) were purchased from the Animal Resource Centre (Perth, WA, Australia). Rats were housed in the School of Molecular and Microbial Biosciences Animal House, University of Sydney. Rats were housed at four animals to a cage and maintained at 221C on a 12 h light:12 h dark cycle and allowed free access to water at all times and (except when stated otherwise) to standard laboratory chow (Young Stock Foods, Young, NSW, Australia). Before adipocyte isolation, rats were allowed free access to food or were fasted overnight (food removed at 1800 hours). Approval for the study was obtained from the University of Sydney Animal Ethics Committee.
Adipocyte isolation and incubation
Epididymal fat pads were removed under anaesthesia (sodium pentobarbitone 60 mg/kg intraperitoneally) from fed and fasted rats. The fat pads were collected in Krebs-Ringer HEPES buffer (KRHB pH 7.4) containing 4% insulin-free bovine serum albumin and 5 mM glucose. Adipocytes were isolated by previously described methods 14 with minor modifications. Fat pads were minced and digested in type I collagenase 1.5 mg/g tissue in 2 ml KRHB (Worthington Biochemical Corporation, Lakewood, NJ, USA) in a shaking water bath (60 revolutions/ min) at 371C for 40 min. Isolated adipocytes were separated from undigested tissue by filtration through a 400 mM mesh and washed three times in glucose-free KRHB. Adipocyte numbers in the final cell preparation were determined by microscopic counting. Adipocyte viability was assessed by measurements of glucose metabolism.
Measurement of glucose metabolism
Adipocytes (100 ml of packed cell volume) were pre-incubated in 1 ml of glucose-free KRHB in the absence (basal) or presence (glucose-and insulin-stimulated) of 16 nM insulin. The incubation was commenced by the addition of U 14 C-Dglucose (4 mCi/ml) in a final concentration of 3 mM (basal) or 10 mM (glucose-and insulin-stimulated) glucose.
Glucose oxidation during 2 and 4 h incubation was measured by previously described methods 14 with minor modifications. The incubation was terminated by the addition of 6 M H 2 SO 4 .
14 CO 2 was sequestered by 4 M NaOH, spotted onto filter paper and counted in glass scintillation vials with 5 ml of Ultima Gold XR liquid scintillant (Packard, Meriden, CT, USA) in a Wallac 1409 liquid scintillation counter (Wallac, Turku, Finland).
Glucose incorporated into lipid was also determined by a previously described method. 15 Following glucose oxidation measurements, total lipid was extracted from the 1 ml incubation media containing lysed cells with Dole's Reagent and counted with 5 ml of Ultima Gold XR liquid scintillant in a Wallac 1409 liquid scintillation counter (Wallac, Turku, Finland).
Inhibition of insulin-stimulated glucose uptake by cytochalasin B Cytochalasin B (Sigma, St Louis, MO, USA), an inhibitor of glucose uptake was added to glucose-and insulin-stimulated adipocyte incubations. A concentration of 10 mM of cytochalasin B was used as this had previously been shown to inhibit insulin-stimulated glucose uptake. 16 Measurement of leptin secretion and intracellular leptin Measurements of leptin secretion, intracellular leptin and total leptin were carried out as described previously, 17 but following the same incubation protocol used for the measurements of glucose metabolism. Following the preincubation, and 2 and 4 h incubation, half the media was removed for subsequent leptin analysis by radioimmunoassay (RIA) using a specific anti-rodent leptin antibody assay kit (Linco Research, St Charles, MO, USA). The adipocytes in the remaining media were lysed with an equivalent volume of cell lysis buffer (1% Triton X-100, 0.3 M NaCl, 1 mM ethylenediaminetetraacetic acid and 0.05 M Tris, pH 7.4, with complete protease inhibitor cocktail; Roche Molecular Biochemicals, Indianapolis, IN, USA). The leptin concentration in the cell lysate was determined also by RIA. The corrected total leptin content in the media and cell lysate was the intracellular leptin content added to the secreted leptin.
Measurement of lactate production
The amount of lactate produced following 2 and 4 h incubation was determined by spectrophotometric assay (Sigma, St Louis, MO, USA). The amount of lactate produced was analysed in the media removed for the measurement of leptin secretion described above. The amount of lactate present following 2 and 4 h incubation was corrected for the lactate present following the pre-incubation.
Measurement of leptin gene (ob) expression
Total RNA was extracted from the adipocytes following preincubation, and 2 and 4 h incubation, using Tri-reagent following the manufacturer's instructions (Sigma, St Louis, MO, USA). The amount of ob mRNA was semiquantified by real-time PCR, as previously described.
1
Data analyses and statistics
For each adipocyte preparation, the fat pads of five rats were pooled. Each set of measurements was performed in at least duplicate from a single-cell preparation and repeated on 3-5 separate occasions. All data are the means7s.e.m. for experiments performed as 3-5 independent experiments. Differences between groups were analysed using analysis of variance followed by Fisher's PLSD post hoc tests as appropriate (Statview Statistical Analysis Software Version 4.57). Correlations were performed using simple regression analysis. Results were considered significant if Po0.05.
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Results
Basal versus glucose-and insulin-stimulated glucose metabolism in adipocytes isolated from fed and fasted rats The amount of glucose oxidized increased over the incubation time in the adipocytes isolated from both fed (Po0.0001) and fasted (Po0.05) rats. Incubation under the glucose-and insulin-stimulated conditions significantly increased the amount of glucose oxidized in adipocytes isolated from fed but not fasted rats ( Figure 1a ). The amount of glucose oxidized was significantly greater in adipocytes from fed compared to fasted rats under both incubation conditions and both time points (Figure 1a ). The amount of glucose incorporated into lipid increased during the incubation time in adipocytes isolated from fed (Po0.0001) but not fasted rats. Incubation under glucoseand insulin-stimulated conditions significantly increased the amount of glucose incorporated into lipid compared to basal conditions in adipocytes isolated from fed but not fasted rats (Figure 1b) . The amount of glucose incorporated into lipid was significantly greater in adipocytes isolated from fed compared to fasted rats under stimulated conditions at both time points and under basal incubation conditions at 4 h (Figure 1b) .
The amount of lactate produced increased during the incubation in adipocytes isolated from both fed (Po0.01) and fasted (Po0.05) rats. The amount of lactate produced was greater under glucose-and insulin-stimulated compared to basal incubation conditions in adipocytes of both fed and fasted rats (Figure 1c) . After 4 h incubation, there was no significant difference in the amount of lactate produced between adipocytes isolated from fed or fasted rats (Figure 1c ).
Basal and stimulated leptin secretion in adipocytes isolated from fed and fasted rats The amount of leptin secreted increased during the incubation time in adipocytes isolated from fed (Po0.01) but not Secreted leptin is related to adipocyte lipogenesis CG Walker et al fasted rats. Incubation under glucose-and insulin-stimulated conditions increased the amount of leptin secreted compared to basal incubation conditions in adipocytes isolated from fed but not fasted rats (Figure 1d ). The amount of leptin secreted was greater from adipocytes isolated from fed compared to fasted rats under both incubation conditions and both time points (Figure 1d) .
Effects of inhibition of insulin-stimulated glucose uptake by cytochalasin B on glucose flux through oxidative pathways and on leptin secretion As both glucose-and insulin-stimulated glucose metabolism beyond pyruvate (oxidation and incorporation into lipid) and leptin secretion were inhibited in adipocytes isolated from fasted rats, the effects of inhibition of insulinstimulated glucose metabolism on leptin secretion were examined only in adipocytes of fed rats. Insulin-stimulated glucose metabolism through the aerobic pathways of oxidation and lipogenesis was suppressed by co-incubation with cytochalasin B (Figure 2a ). Insulin-stimulated leptin secretion was also suppressed by co-incubation with cytochalasin B (Figure 2b ).
Relationship between glucose metabolism and leptin secretion
As the patterns of aerobic glucose metabolism and leptin secretion were similar, possible relationships between these pathways were examined. Leptin secretion was found to correlate with the amount of glucose incorporated into lipid (r ¼ 0.68, Po0.0001, Figure 3a) . A point representing incubation under stimulated conditions in a single experiment appeared to be distinct from the other points; however, the relationship held if the analysis was repeated with this point omitted (r ¼ 0.58, Po0.001, data not shown). The relationship between leptin secretion and glucose incorporated into lipid was linear from suppressed to stimulated conditions; however, the relationship was much stronger if examined under stimulated incubation conditions only (r ¼ 0.90, Po0.0001, Figure 3b ). There was no relationship between glucose incorporated into lipid and leptin secretion under the basal or inhibited conditions when examined separately (data not shown). The relationship between glucose oxidation and leptin secretion was not significant under any of the conditions analysed (data not shown).
Effect of fasting on leptin gene (ob) expression and leptin production in adipocytes incubated under basal and stimulated conditions The amount of ob mRNA was significantly decreased in adipocytes isolated from fasted compared to fed rats before incubation, and throughout the 4 h incubation (Figure 4a ). There was no effect of either incubation time or incubation conditions on the amount of ob mRNA in adipocytes isolated from either fed or fasted rats (Figure 4a ).
The amount of intracellular leptin was also significantly decreased in adipocytes isolated from fasted compared to fed rats before incubation, and throughout the 4 h incubation (Figure 4b ). The intracellular leptin content significantly increased with time in adipocytes isolated from fed (Po0.05) but not fasted rats. Incubation under glucose-and insulinstimulated conditions significantly increased intracellular leptin, overall and after 2 h incubation, in adipocytes isolated from both fed and fasted rats.
Total leptin production increased during the incubation time in adipocytes isolated from both fed (Po0.01) and Secreted leptin is related to adipocyte lipogenesis CG Walker et al fasted (Po0.001) rats. Incubation under glucose-and insulin-stimulated conditions increased total leptin production compared to basal incubation conditions in adipocytes of both fed and fasted rats overall (Po0.05) and after 2 h incubation in fed rats (Figure 4c ).
Discussion
The major findings of this study were that leptin secretion was significantly suppressed in adipocytes isolated from fasted rats even when these had been incubated under 'nutritionally stimulated' conditions. Leptin secretion was related to glucose metabolism, when measured as the amount of glucose incorporated into lipid during insulin- Secreted leptin is related to adipocyte lipogenesis CG Walker et al stimulated conditions. The suppressed leptin secretion from adipocytes of fasted rats may also have been governed by a reduced capacity for de novo leptin production and secretion. Leptin secretion was increased by incubation under nutritionally stimulated conditions in adipocytes isolated from fed but not fasted rats. Although serum insulin has been shown to govern serum leptin responses in vivo, 1 in this current study incubation with insulin and high glucose did not overcome the fasting-induced suppression of leptin secretion. Leptin plays an important role in mediating physiological responses to fasting; 18 therefore, the sustained suppression of leptin secretion may be important in maintaining the physiological adaptations to fasting which would last until the energy deficit was recovered.
In the current study, the pattern of glucose oxidation and incorporation into lipid matched that of leptin secretion in adipocytes from both fed and fasted rats. The production of lactate was not altered by nutritional state, which confirmed previous findings that leptin secretion was not stimulated when increased glucose uptake was associated with an increased proportion of glucose metabolized to lactate. 13 Whereas other studies have previously shown a relationship between glucose uptake and leptin secretion, in the current studies the relationship between aerobic glucose metabolism and acute leptin secretion was assessed. In addition to the finding that leptin secretion was related to glucose oxidation and particularly lipogenesis, further evidence for a relationship between oxidative glucose metabolism and leptin secretion was provided by finding that the inhibition of insulin-stimulated glucose uptake reversed insulin-stimulated leptin secretion. The positive correlation between the amount of glucose incorporated into lipid and the amount of leptin secreted, especially when incubated with high glucose and insulin, indicated that insulin may mediate its effects on leptin secretion through the regulation of glucose-derived lipogenesis. This finding supports the hypothesis that acute leptin secretion is more closely related to the amount of triglyceride actively stored or released, than to absolute adipose stores. 19 Fasting decreased the amount of ob mRNA (which has been shown previously in rodent epididymal adipose tissue 3, 20, 21 ) both before and during the 4 h incubation. This reduced amount of ob mRNA decreased the capacity for de novo leptin synthesis in the adipocytes of fasted rats. Interestingly, the amount of ob mRNA then did not change during either 4 h incubation in adipocytes isolated from fed or fasted rats. Therefore, the increased leptin secretion from adipocytes isolated from fed rats was governed by posttranscriptional changes. Stimulation of leptin secretion independent of changes in ob transcription has previously been shown during short (o4 h) incubations. 22, 23 Intracellular leptin was decreased by fasting in isolated rat adipocytes, and this has previously been shown in rat epididymal adipose tissue. 1, 24 Thus, both before and during the incubation, the adipocytes of fed rats had an increased capacity to secrete leptin in response to nutritional stimuli.
Incubation under glucose-and insulin-stimulated conditions increased leptin production in adipocytes isolated from both fed and fasted rats, but the intracellular and total leptin remained around 10 times greater in adipocytes isolated from fed rats. The nutritional regulation of leptin production may be controlled by the mammalian target of rapamycin a nutrient sensing pathway, which controls initiation of translation. 9, 23, 25, 26 Therefore, the results from the current study indicate that glucose flux, in particular incorporation into lipid, may act as a sensor of energy status and regulate post-transcriptional leptin production and its consequent secretion from adipocytes. Further studies are required to investigate possible mechanisms more closely.
In conclusion, leptin secretion from adipocytes isolated from fasted rats was suppressed and this suppression was not reversed by incubation under nutritionally stimulated conditions. Leptin secretion was found to be related to glucose oxidation beyond pyruvate, (i.e. it was not related to lactate production and therefore to glycolytic flux). In particular, leptin secretion correlated with the amount of glucose incorporated into lipid under nutritionally stimulated conditions. Therefore, glucose-derived lipogenesis may be an important signal of whole-body energy status and the regulation of leptin secretion. The suppressed leptin response to nutritional stimuli previously observed in fasted rats in vivo was governed not only by suppressed insulin responses in vivo 1 but suppressed leptin secretion from isolated adipocytes. Such in vitro suppression was related to both decreased glucose flux through lipogenic pathways and a decreased capacity to secrete and produce leptin.
